Introduction
Anthracyclines including daunorubicin (DNR) and doxorubicin have been used as cancer chemotherapeutic agents. DNR is the first anthracycline developed and is effective against acute leukaemia. While these agents are effective in eliminating cancer cells, severe cardiotoxicity has been noted in .20% of patients treated with anthracyclines. 1 Anthracyclines can cause myocarditis, myocardial infarction, cardiomyopathy, and heart failure. Apoptosis of cardiomyocytes may play an important role in anthracycline actions on the heart. 2, 3 Understanding the mechanisms of anthracycline actions should help in developing strategies for effective cancer therapy. GATA4 is a member of the GATA family of zinc finger transcription factors. Six GATA family members have been identified and regulate transcription of target genes via binding to GATA elements including the consensus 5 ′ -WGATAR-3 ′ sequence. 4 While GATA-1, -2, and -3 play critical roles in the transcriptional regulation in blood cells and in endothelial cells, GATA-4, -5, and -6 are expressed in neonatal hearts.
The GATA-binding activity in the adult heart is largely due to the activity of GATA4. 5 We previously demonstrated that DNR can down-regulate GATA4 DNA-binding activity in cardiac muscle cells. 5 The decrease in GATA4 activity is at least in part due to decreased GATA4 expression, as both protein and mRNA levels of GATA4 are down-regulated in response to DNR treatment. Since the restoration of GATA activity by overexpression of GATA4 using adenovirus-mediated gene transfer attenuated DNR-induced cardiac muscle cell apoptosis, we concluded that GATA4 down-regulation plays a role in the mechanism of DNR actions to induce apoptosis. 5 Nemer and co-workers also reported that anthracyclines can down-regulate cardiac GATA4 expression in intact mice, 6 and this may serve as a mechanism for anthracycline down-regulation of anti-apoptotic factors such as B-cell lymphoma 2 (Bcl-2) and Bcl-x L . 7 -9 In our previous studies, DNR was found to effectively downregulate Gata4 mRNA levels, and experiments using actinomycin D to inhibit general gene transcription demonstrated that DNR does not alter Gata4 mRNA stability. 5 Thus, we hypothesized that DNR inhibits Gata4 gene transcription. However, since information about the Gata4 promoter was not available, the mechanism of anthracycline actions on GATA4 gene expression had not been defined.
More recently, others and we have identified the major transcriptional start site of the Gata4 gene in the mouse heart and cloned the immediately upstream region, which is conserved among species. 10 -12 In the present study, we tested the hypothesis that DNR affects Gata4 gene transcription. We found that DNR indeed suppressed Gata4 promotercontrolled gene transcription. Further, we identified a novel mechanism of DNR action, that is, to inhibit CCAAT-binding factor/nuclear factor-Y (CBF/NF-Y) binding to the CCAAT box in a p53-dependent fashion.
Methods

Culture of HL-1 cardiac muscle cells
HL-1 adult mouse cardiac muscle cells 13 were maintained in Claycomb Medium (JRH Biosciences, Lenexa, KS, USA) supplemented with 10% foetal bovine serum (Invitrogen Corporation, Carlsbad, CA, USA), 100 mM norepinephrine, 100 units/mL penicillin, 100 mg/mL streptomycin, and 0.25 mg/mL amphotericin B (Sigma Chemical Company, St. Louis, MO, USA) in plastic dishes, coated with 12.5 mg/mL fibronectin and 0.02% gelatin, in a 5% CO 2 atmosphere at 378C.
14 Nuclear extracts and cell lysates were prepared as previously described. 5, 7 Transfection and luciferase assay procedures are described in Supplementary material online.
Isolated mouse heart perfusion
Male C57BL/6 mice (20 -25 g) were fed normal rat chaw and were used in accordance with approval by Georgetown University Animal Care and Use Committee and that by the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Hearts were rapidly removed from mice anaesthetized with inhalation of isoflurane. The aorta was cannulated with a cannula connected to the Langendorff apparatus. 15 The
Langendorff perfusion was initiated immediately after the heart excision with modified Krebs-Henseleit buffer, containing (in mM) 118.0 NaCl, 4. 4, 378C) throughout the perfusion period. After 15 min of stabilization, the heart was perfused with 2 mM DNR for 120 min. Nuclear extracts were prepared from left and right heart ventricles as previously described. 12 
Electrophoretic mobility shift assays
Nuclear extracts from cells 5 and tissues 12 were prepared as described previously. Electrophoretic mobility shift assays (EMSA) were performed as described in Supplementary material online.
Reverse transcription-polymerase chain reaction
Total RNA (1 mg) extracted using TRIZOL (Invitrogen) was reversetranscribed by oligo(dT) priming and reverse transcriptase (Applied Biosystems, Foster City, CA, USA). The resultant cDNA was amplified using Taq DNA polymerase (Invitrogen) and resolved on agarose gel containing ethidium bromide. See Supplementary material online for polymerase chain reaction (PCR) primer sequences and conditions.
Western blot analysis
Equal protein amounts of HL-1 cell nuclear extracts, whole cell lysates, or immunoprecipitates were electrophoresed through a reducing SDS polyacrylamide gel and electroblotted onto a nitrocellulose membrane.
The membrane was blocked and incubated with antibodies for CBF-B, p53 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), or poly(ADP ribose; Trevigen, Gaithersburg, MD, USA), and the detection was made with the horseradish peroxidase-linked secondary antibody and Enhanced Chemiluminescence System (Amersham Life Science, Arlington Heights, IL, USA). Detection of protein carbonylation was performed as previously described. 16 Immunoprecipitation was performed using GammaBind G-Sepharose (Amersham).
Statistical analysis
Means + S.E. were calculated. Significant differences between all groups were computed by ANOVA with a Student-Newman -Keuls posthoc test. Significant differences between two groups were determined by the Student's t-test.
Results
DNR inhibits Gata4 promoter activity
We have previously shown that DNR reduced the Gata4 mRNA expression without altering the mRNA stability. 5 We thus hypothesized that Gata4 gene transcription was inhibited by DNR. More recently, the transcriptional start site of the mouse Gata4 gene was identified. 10 -12 The 1000 bp region immediately upstream from the identified transcriptional start site is conserved among species. We cloned this 1000 bp region into a luciferase reporter vector and found that this region has transcriptional activity. 10, 12 Using this tool, we tested the hypothesis that DNR inhibits Gata4 gene transcription. We found that DNR effectively inhibited this transcriptional activity of the 1000 bp Gata4 promoter region in HL-1 adult mouse cardiac muscle cells ( Figure 1A ; Supplementary material online, Figure SI -A). DNR did not have any effects on thymidine kinase (TK) promotercontrolled gene transcription ( Figure 1A ), indicating the specificity of DNR towards the Gata4 promoter. Our previous study has shown that another apoptotic inducer, tumour necrosis factor-a was ineffective in down-regulating GATA4. 5 Consistently, tumour necrosis factor-a did not cause significant inhibition of the transcriptional activity of the 1000 bp Gata4 promoter region (Supplementary material online, Figure SI 
-B).
To further identify the site(s) of the DNR action, we truncated the 1000 bp region to 500 and 250 bp proximal to the transcriptional start site. The truncation of the 1000 bp region to 500 bp or 250 bp did not significantly alter the basal transcriptional activity (Supplementary material online, Figure SI-C), suggesting that the 250 bp proximal region contains key regulatory elements for the basal expression. 12 Further, this 250 bp region appears to contain the target site for DNR, as we observed dose-dependent effects of DNR on 250 bp Gata4 promoter-controlled luciferase expression, where 1 mM DNR caused significant inhibition (Supplementary material online, Figure SI-D) . DNR equally inhibited the transcriptional activities controlled by the 250, 500, and 1000 bp regions ( Figure 1B ).
Identification of DNR targets
This 250 bp region that is immediately upstream from the transcriptional start site of the Gata4 gene contains putative binding sites for various transcription factors (Supplementary material online, Figure  SII -A). Supershift analysis, using 32 P-labelled double-stranded 250 bp region, demonstrated that early growth response factor 1, Sp1, upstream stimulatory factor 1, and upstream stimulatory factor 2 bind to this region. 17 We performed similar supershift experiments using nuclear extracts from HL-1 cells treated with DNR to test the hypothesis that the DNA-binding activity of one or more of these transcription factors may be inhibited by the DNR treatment. However, DNR did not affect DNA-binding characteristics of any of these factors (Supplementary material online, Figure SII-B) . Thus, these transcription factors do not appear to be the DNR targets.
To identify DNR-sensitive transcriptional regulatory regions, we then used double-stranded EMSA probes that were constructed by truncating the 250 bp proximal Gata4 promoter region.
12 Figure 2A shows the sequences of Probes #1-7. EMSA with untreated HL-1 cell nuclear extracts shows DNA-binding proteins, which interact with these probes ( Figure 2B ). Binding patterns of Probes #1, 3, 4, 5, 6, and 7, however, were not altered by treating cells with DNR ( Figure 2C ). Using Probe #2, which contains the CCAAT box where a transcription factor CBF/NF-Y binds, 18 we identified a band that is reduced in cells treated with DNR ( Figure 2C ). Significant inhibition of the DNA-binding activity of CBF/NF-Y was observed by DNR treatment for 1.5 h ( Figure 2D ). To confirm that observed events are not specific to HL-1 cells, we treated Langendorff-perfused, isolated mouse hearts with DNR. Similarly to results from HL-1 cells, treatment of isolated mouse hearts with DNR inhibited DNA-binding activity of CBF/NF-Y towards Probe #2 of the 250 bp Gata4 promoter without affecting Probe #3 ( Figure 3A) . Since Probe #2 contains the CCAAT box at the end of the probe, we also constructed an EMSA probe in which the CCAAT box is located in the centre of the probe, designated as Center Probe ( Figure 3B ). The use of this probe confirmed that factors which bind to the CCAAT box is influenced by DNR in the mouse heart ( Figure 3C) .
To determine if the CCAAT box plays functional roles in the regulation of gene transcription, a luciferase vector with a mutated CCAAT box site within the 250 bp Gata4 promoter 18 was used.
We found that degrees of the decreased transcriptional activity of the 250 bp Gata4 promoter region are comparable between mutating the CCAAT box and treating cells with DNR ( Figure 4 ).
Role of p53
Anthracyclines have been shown to activate p53, and the disruption of p53 attenuates anthracycline-induced cardiotoxicity. 19, 20 We found that DNR promoted protein -protein interactions between CBF/ NF-Y and p53 in the nucleus. As shown in Figure 5A , immunoprecipitation of nuclear extracts from DNR-treated HL-1 cells with rabbit anti-CBF-B IgG followed by immunoblotting with mouse anti-p53 IgG revealed the association between CBF-B and p53. In contrast, such interactions were absent in untreated cells. Control experiments using normal rabbit IgG in the immunoprecipitation reaction containing nuclear extracts from DNR-treated cells did not exhibit the band of interest. Anthracyclines trigger poly(ADP-ribosyl)ation of p53, which in turn serves as a mechanism for p53 nuclear accumulation. 21 Consistently, DNR promoted increased nuclear expression of p53 ( Figure 5B ). DNR did not change total cellular p53 levels ( Figure 5C ). Further, immunoprecipitation/immunoblotting experiments with antibodies for p53 and poly(ADP-ribosyl)ated proteins revealed that the p53 that is accumulated in the nucleus is poly(ADP-ribosyl)ated (Supplementary material online, Figure SIII-A) . It has also been proposed that the nuclear p53 localization in response to anthracyclines is regulated through redox-dependent mechanisms. 22 Immunoprecipitation/ immunoblotting experiments with 2,4-dinitrophenylhydrazinederivatized HL-1 cell nuclear extracts revealed that nuclear p53 is carbonylated (Supplementary material online, Figure SIII-B) . Total carbonyl content was not significantly altered by DNR (Supplementary material online, Figure SIII-C) . These results suggest that the nuclear accumulation of p53, perhaps in response to DNR-mediated p53 modifications through poly(ADP-ribosyl)ation and/or carbonylation, promotes p53 -CBF/NF-Y interactions in the nucleus. We hypothesized that DNR suppresses the CBF/NF-Y activity through p53 and in turn down-regulates Gata4 gene transcription. To test this hypothesis, a p53 inhibitor, pifithrin-a, 23 was used.
Pifithrin-a attenuated DNR-induced inhibition of CBF/NF-Y binding towards Probe #2 (Figure 6A) , suggesting that the DNR action to influence CCAAT box binding is indeed p53 dependent. Reduced CBF/ NF-Y binding is not due to down-regulation of CBF/NF-Y expression as western blotting of CBF-B showed no change in its expression in response to DNR treatment ( Figure 6B ). We also found that the inhibition of p53 by pifithrin-a attenuated DNR-induced downregulation of Gata4 mRNA expression ( Figure 6C) as well as the GATA4 DNA-binding activity ( Figure 6D) . These results provide evidence for the p53-dependent inhibition of CBF/NF-Y binding to the CCAAT box by DNR, which in turn suppresses Gata4 gene transcription and resultant GATA4 activity in cardiac muscle cells.
Discussion
Anthracyclines such as DNR and doxorubicin have been shown to down-regulate Gata4 mRNA expression and in turn reduce GATA DNA-binding activity in cardiac muscle cells. 5, 6 Since the overexpression of GATA4 can attenuate the incidence of apoptosis induced by anthracyclines, 5 GATA4 may serve as an anti-apoptotic factor in the heart. Indeed, GATA4 has been shown to regulate expression of antiapoptotic proteins, Bcl-2 and Bcl-x L . 6 -8 Thus, GATA4 downregulation may play an important role in anthracycline-induced cardiac muscle cell death and cardiotoxicity. However, the mechanism of GATA4 down-regulation by anthracyclines has not been defined.
Here we report a p53-dependent mechanism for DNR action to down-regulate GATA4. In HL-1 mouse cardiac muscle cells, whether DNR accelerates the Gata4 mRNA degradation was previously tested. 5 Experiments with actinomycin D to inhibit general gene transcription suggested that DNR does not alter the Gata4 mRNA stability. 5 Thus, we hypothesized that DNR may reduce the Gata4 mRNA expression by inhibiting Gata4 gene transcription. To test this hypothesis, we (i) first identified the transcriptional start site of mouse heart Gata4 mRNA, (ii) determined that the 1000 bp region immediately upstream from this identified transcriptional start site is conserved among species with putative transcriptional regulatory elements, and (iii) found that the cloned 1000 bp region exhibited strong transcriptional activity.
10,12 Ohara et al. 11 also studied mouse Gata4 promoter and reported that this region plays important roles in the promoter activity. Thus, we studied the effects of DNR on transcriptional activity controlled by this region of the Gata4 promoter. DNR was found to effectively inhibit the luciferase activity controlled by the 1000 bp region, demonstrating that the mechanism of action to down-regulate GATA4 involves the inhibition of Gata4 gene transcription. To further identify the molecular mechanism of DNR on Gata4 gene transcription, the 1000 bp region was truncated to 500 and 250 bp upstream from the identified transcriptional start site. Such truncations did not reduce transcriptional activity, suggesting that the 250 bp region contains key transcriptional elements, which control basal gene transcription of Gata4. 18 The present study has shown that DNR inhibits the gene transcription controlled by this 250 bp region, suggesting that the molecular target of DNR resides within this region. Various fragments of the proximal 250 bp region of the Gata4 promoter were examined to identify factors that might be affected by DNR. We screened all of the fragments that span the 250 bp region and found that only one probe (designated Probe #2) was affected by DNR. This fragment contains the CCAAT box, and the truncation of the CCAAT box site or mutation of this region completely eliminated the DNA binding, 18 suggesting that DNR targets CCAAT box-binding proteins. While CCAAT/enhancer-binding protein-b has been shown to bind to the CCAAT box, 24 our previous studies did not show evidence for the binding of this transcription factor to the Gata4 CCAAT box. 18 A transcription factor CBF/NF-Y, a trimeric complex comprising of CBF-A, -B, and -C subunits, also binds to the CCAAT box sequence, 25 and our laboratory showed that the CBF-B antibody interfered with CCAAT box-binding activity and pull-down with double-stranded oligonucleotide containing the Gata4 CCAAT box revealed DNA-protein interactions with CBF-B and the CCAAT box. 18 The present study provided evidence to support that CBF/NF-Y, which has been shown to act as a cell survival factor, 26 comprises the CCAAT box-binding complex that is affected by DNR. Since the mutation within the Gata4 CCAAT box sequence both suppresses protein binding by CBF/NF-Y and largely abolishes the Gata4 promoter activity, DNR-mediated interference of CBF/ NF-Y binding to the CCAAT box should inhibit Gata4 gene transcription. Our results further revealed that the mechanism of DNR-mediated inhibition of CBF/NF-Y binding to the CCAAT box involves p53. This is consistent with the previous reports that p53 inactivates CBF/ NF-Y 27 and that anthracyclines activate p53. 19 -21 One proposed mechanism of anthracycline action is that these compounds cause DNA damage and trigger modifications of nuclear proteins including p53, which in turn serve as mechanisms for inhibiting the nuclear export and the degradation of p53, thereby increasing its nuclear accumulation. 21 We indeed found that DNR triggers increased nuclear p53, which is associated with the promotion of poly(ADPribosyl)ation as well as oxidative modification. Our results demonstrating that an inhibitor of p53 attenuated the DNR action on CBF/NF-Y support the role of p53. While the mechanism of p53 inactivation of CBF/NF-Y has not yet been previously determined, the present study provides evidence for protein-protein interactions between CBF/NF-Y and p53. These results suggest that DNR via p53 inactivates CBF/NF-Y through a mechanism involving protein-protein interactions and in turn suppresses Gata4 gene transcription (Supplementary material online, Figure SIV) . Anthracyclines are effective cancer chemotherapeutic agents, however, severe cardiotoxicity has been noted in patients treated with anthracyclines. 1 Anthracyclines cause myocarditis, myocardial infarction, cardiomyopathy, and heart failure, and apoptosis of cardiac muscle cells may play important roles. 2, 3 Our laboratory and others have demonstrated that GATA4 is a cardiac muscle cell survival factor. 5 -8 More recent studies using genetically modified mice further shown that knock-down of GATA4 promotes cardiac muscle cell apoptosis and heart failure. 28, 29 Results from the Mechanism of anthracycline action on GATA4 present study revealed a novel molecular mechanism of the action of DNR to inhibit a cardiac muscle cell survival factor, GATA4, through the involvement of interactions between p53 and CBF/NF-Y. In addition to the role of this mechanism in anthracycline cardiotoxicity, p53 regulation of GATA4 down-regulation may be involved in heart failure subsequent to pressure overload-induced cardiac hypertrophy, as the importance of p53 in this clinically important event has been documented. 30 
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Supplementary material is available at Cardiovascular Research online.
